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 Artificial Neural Network Analysis of Teachers Performance against 
Thermal Comfort
Abstract 
Purpose: The impact of thermal comfort in educational buildings continues to be 
of major importance in both the design and construction phases. Given this, it is 
also equally important to understand and appreciate the impact of design decisions 
on post-occupancy performance, particularly on staff and students. This study aims 
to present the effect of IEQ on teachers’ performance. This study would provide 
thermal environment requirements to BIM-led school refurbishment projects. 
Design: This paper presents a detailed investigation into the direct impact of 
thermal parameters (temperature, relative humidity and ventilation rates) on 
teacher performance. In doing so, the research methodological approach combines 
explicit mixed-methods using questionnaire surveys and physical measurements of 
thermal parameters to identify correlation and inference. It was conducted through 
a single case study using a technical college based in Saudi Arabia. Findings: 
Findings from this work were used to develop a model using an Artificial Neural 
Network to establish causal relationships. Research findings indicate an optimal 
temperature range between 23°C and 25°C, with a 65% relative humidity and 
0.4m/s ventilation rate. This ratio delivered optimum results for both comfort and 
performance. 
Introduction 
Understanding the impact of thermal conditions on both student and teacher performance 
is considered an intrinsic part of classroom design. The provision of a comfortable 
thermal environment is acknowledged as a causal factor that can influence job 
productivity and performance (Vischer, 2007, Wyon, 2004). Thus, this premise is 
adopted regarding its potential impact within an educational setting. In this respect, 
several studies have asserted that teachers who are not comfortable with their school 
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facilities generally underperform, and in some instances are more likely to quit teaching 
(Carlopio, 1996, de Dear et al., 2015). Therefore, it is proffered here that there is an 
intrinsic need to understand classroom design cognisant of the impact of thermal 
parameters on teacher and student performance (Lizzio et al., 2002).
From an environmental analysis perspective, a range of Indoor Environment Quality 
(IEQ) parameters such as thermal comfort, ventilation flow rates, background noise, and 
lighting quality etc. has been seen influence student and teacher performance (Lee, 2013). 
Moreover, several studies have highlighted the importance of thermal comfort and 
ventilation rates as significant impact variables (Choi et al., 2012, Al Horr et al., 2016b, 
Lan et al., 2011, Kim and de Dear, 2018, Porras‐Salazar et al., 2018, Bakó-Biró et al., 
2012). On this theme, thermal comfort is defined by the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE) as ‘‘condition of mind which 
expresses satisfaction with the thermal environment” (ASHRAE, 2004). It has three 
conditions based on human response to comfort, notably: thermal sensation, thermal 
acceptability and thermal preference. Thermal sensation identifies the perception of the 
thermal environment, whereas, thermal preference is seen as the ideal thermal 
environment, and thermal acceptability is defined as the level of thermal environment 
acceptance by participants (Langevin et al., 2013). 
The major parameters that typically affect thermal comfort are “relative humidity, heat, 
dry bulb temperature, radiant temperature, air velocity, the human metabolic rate and the 
insulation rating of the clothing” (Lan et al., 2014). However, the comfort of occupants is 
also affected by physiological, behavioural and psychological elements. The 
physiological approach concerns the thermal regulation between human metabolic system 
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and the indoor environment, where the dimension of thermal comfort in the physical 
environment impacts the occupants (Humphreys et al., 2007). In this respect, the 
temperature is considered a good indicator of thermal comfort, as this also has an 
important psychological dimension as it tends to influence occupant perception. Studies 
also show that both temperature and relative humidity can have an impact on other issues 
such as allergens, the prevalence of headaches and asthma (Wargocki, 2017, Jones, 1999, 
Al horr et al., 2016a). From a humidity perspective, in the context of school 
environments, this not only has an impact on thermal comfort but also on student 
absenteeism and sickness due to fungal growth in high humidity environments (Bryk and 
Schneider, 2002, Park et al., 2002, Haverinen-Shaughnessy et al., 2015). 
Intrinsically, therefore, it can be seen that thermal comfort can have a major impact on 
the overall demeanour, morale and productivity of occupants. Where for example, 
dissatisfaction in thermal comfort (such as a classroom environment) can reduce 
productivity and increase complaints (Wargocki and Wyon, 2006, Barbhuiya and 
Barbhuiya, 2013, Seppänen and Fisk, 2006, Lackney, 1997). This resonates with the 
concept of Sick Building Syndrome (SBS), where symptoms can be seen to influence 
performance and productivity (Seppänen and Fisk, 2006). Moreover, optimal productivity 
was observed at 21.5C (Seppanen et al., 2006); and conversely, teacher performance 
declined because of increased cerebral load measured by brain blood flow (Nakano et al., 
2002).  Thus, thermal control is essential for maintaining thermal comfort in classrooms 
in order to enhance student and teacher performance. Conversely, the absence of thermal 
control can lead to increased absenteeism and lower productivity. Given these conditions, 
there is no agreed consensus on the precise parameters or controls of these parameters; 
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where research has an impact in some areas, but failed to demonstrate relationships in 
others (Melikov et al., 2005). This seems to correlate with other studies assessing the 
perception of occupant comfort comparing naturally ventilated buildings (with thermostat 
control), against mechanically ventilated buildings controlled by Building Management 
System (BMS); where the occupants felt more comfortable in naturally ventilated 
buildings (Andersen et al., 2009). 
Given the importance of thermal comfort, there are two principal models used to predict 
occupant comfort - heat balance model and adaptive comfort model. The heat balance 
model is based on specific standards for each environmental parameter in order to make 
the occupant feel comfortable. This type of model involves evaluating the environmental 
elements and personal variables in order to predict occupant dissatisfaction (Frontczak et 
al., 2012a, Frontczak and Wargocki, 2011). Whereas, the adaptive comfort model 
predicts occupant comfort based on outside climatic conditions. This defines a datum 
temperature which acts a reference for predicting the adaption of the human body to 
seasonal environmental variations. Where for example, occupants who are able to control 
their indoor environment parameters such as air velocity and ventilation rate can be seen 
to be more comfortable with a set temperature (Boerstra et al., 2015, Frontczak and 
Wargocki, 2011). Whilst these two models are implemented in different climatic 
conditions, the heat balance models tend to be used for buildings with Heating and 
Ventilation Air Conditioning (HVAC) systems. Whereas, adaptive models are usually 
applied in naturally ventilated buildings. However, the literature suggests that adaptive 
models evaluate thermal comfort more precisely than heat balance models, especially in 
regions with harsh thermal environments (Schellen et al., 2013).
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Acknowledging the above challenges, this paper examines the relationships between the 
thermal parameters such as temperature, relative humidity and ventilation rates on teacher 
self-reported performance within an educational setting. This research would inform 
designers and policymakers about the influence of thermal comfort on teacher 
performance. It would help both in new build and refurbishment of educational projects. 
Building Information Modelling (BIM) has been at the forefront of improving the design, 
construction and refurbishment of buildings (Laine et al., 2007a, Laine et al., 2007b, 
Azhar and Brown, 2009). In the UK itself, 85% of the buildings stock in 2030 is already 
built (Mazria, 2007). Educational buildings have a considerable share in this stock and 
their contribution in overall energy consumption of the built environment (Barbhuiya and 
Barbhuiya, 2013). Refurbishment of this stock can result in a considerable reduction in 
the carbon footprint of the built environment (Kelly, 2009, Zomorodian et al., 2016). The 
role of BIM in the refurbishment of the building stock is vital. Various building 
performance analyses are used in advance BIM applications of design and refurbishment 
projects(Gerrish et al., 2017, Gökgür, 2015). Results of this research can be used to 
ensure that refurbish projects achieve the recommended thermal environment. BIM-
enabled projects can use this study and simulate the thermal environment to advice 
recommended Heating Ventilation and Air conditioning (H.V.A.C) system and its 
performance of projects. From a context perspective, this research examined a technical 
college based in Saudi Arabia as the primary focal study. Data collection included the use 
of thermal sensors and questionnaire surveys to determine the association between 
thermal comfort and teacher performance in order to analyse thermal comfort parameters 
(temperature, relative humidity and ventilation rate) and the optimum values needed to 
Page 5 of 48 International Journal of Building Pathology and Adaptation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
International Journal of Building Pathology and Adaptation
6
support teacher productivity.
Methodology
This study investigated the association between thermal comfort and teacher productivity 
(Alzahrani, 2018). The approach adopted was based on the premise of a causal link 
between thermal comfort and teacher performance using the following hypothesis: 
H0: There is a link between thermal comfort and teacher performance in classrooms.
In order to test this hypothesis, an explicit mixed-methods approach (D. Holt and S. 
Goulding, 2014) used questionnaire surveys and physical measurements of thermal 
parameters to identify correlation and inference. The underpinning rationale supporting 
this study is that when teachers are more comfortable, it has a positive impact on their 
performance in the classroom.
Figure 1 outlines the research process in the form of a flowchart. This outlines five stages 
of the research study through “Input”, “Process” and “Output” themes. The first stage 
“Preliminary Literature Review” involved the identification of the main gap in the 
literature. The second stage “Study Proposal” outlines the literature on indoor physical 
parameters and their influence on thermal comfort and teacher. The third stage “Indoor 
environment parameters that influence occupants” focused on data collection using 
sensors and survey instruments. The fourth stage “Physical environment me surements 
and survey data” was used to identify the effect of thermal comfort on performance. 
Whereas, the fifth stage “Correlation analysis” utilised data analysis using an Artificial 
Neural Network to support the discussion and conclusion.
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Figure 1: Methodology flowchart
Case Study Location and Context
This research was undertaken on the academic campus of Jeddah Technical College in 
Saudi Arabia. The campus is located on the west coast of the Red Sea at 21°42' N latitude 
and 39°10'E longitude. The city of Jeddah has an approximate population of 4.4 million 
inhabitants, where air conditioning is in constant operation. For data veracity comparison 
purposes, thermal parameter measurements were recorded during autumn, winter and 
spring. The autumn readings were taken in September 2016, when the average 
temperature in Jeddah was 35°C, with the maximum being 40°C, and the minimum 28°C. 
The winter readings were taken in January 2017, with corresponding temperatures of: 
27°C, 31°C and 24°C. The spring temperatures were taken in April 2017, representing 
32°C, 36°C and 26°C respectively (Figure 2). 
Figure 2: Temperature variations in Jeddah
The thermal predictor parameters were constructed of physical measurements recorded 
from the classrooms in academic buildings at the technical college, where the academic 
day typically starts at 8:00 am and ends at 14:45 pm, five days a week. From a classroom 
setting perspective, lectures generally lasted for two hours, with a few extending to three 
hours. 
From an observation perspective, 42 classrooms were studied during the autumn period, 
where the thermal parameters were recorded three times a day, making a total of 126 
records. This method was repeated for the winter term (44 classrooms) and spring term 
(38 classrooms), making a total of 372 records for the whole year. The thermal comfort 
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variables were collected from a questionnaire, using teachers’ perceptions. In total, 124 
teachers participated in this survey. Questionnaires used a five-point Likert scale (1= 
Strongly disagree to 5 = Strongly agree) examining thermal conditions, but also included 
one multiple-choice item on thermal sensation and five Likert scale items on: 
temperature, humidity, air movement and mechanical ventilation, accessibility of a 
thermostat and overall acceptability of thermal comfort. Teachers’ response to thermal 
conditions reflects their thermal comfort. Literature on thermal comfort suggests that 
teachers’ performance is highly influenced by their perception of thermal comfort (Gou 
and Lau, 2013, Frontczak et al., 2012c, Al horr et al., 2016a, Lan et al., 2011, Akimoto et 
al., 2010a, Akimoto et al., 2010b, Djongyang et al., 2010). Literature also suggests that 
self-reported/perceived data has been widely used in Post-Occupancy Evaluation (Peretti 
and Schiavon, 2011, McDougall et al., 2002, Agha-Hossein et al., 2013). The 
measurement of thermal variables used standard instruments, the parameters of which 
were recorded at three places (front, centre and back) in each classroom. From this, the 
average was calculated, following the method used by (Awang et al., 2015). The 
measurements were recorded ‘live’ in the presence of students and teachers, interrupting 
classroom activities as little as possible in order to capture the actual classroom 
environment.
Data Analysis
From a data analysis perspective, an evaluation model was developed using an Artificial 
Neutral Network (ANN) approach using MATLAB software to validate findings. Data 
was quantitatively analysed graphically in order to determine general trends regarding the 
relationship of the statistical data to the model. The data analysis phase also involved 
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testing the hypotheses to ascertain the causal link (or not) between thermal comfort and 
performance. The ANN data was divided into three segments of algorithm learning: 70% 
of the data for training the model; 15% for validation; and 15% for testing the learning. 
The performance of the network was evaluated using standard statistical standards, 
specifically: squared coefficient of determination (R2) for the regression between the 
observed and modelled values of the output variable; mean square error (MSE); root 
mean square error (RMSE); and mean absolute error (MAE) for the modelled values. The 
hyperbolic tangent function was selected as the transfer function, as this can be used to 
monotonically increase weights on the nodes to process and identify patterns between 
input and output variables.
Research Findings and Discussion 
Data analysis commenced with five inputs and one output variable. The five input 
variables included: temperature, relative humidity, outdoor temperature and ventilation, 
and control on the thermostat (Table 1). 
Table1:  Statistical values of input and output data
From Table 1, it can be seen that thermal parameters varied as follows: outside 
temperature 23°C to 36°C, indoor temperature 21.5°C to 26.5°C, humidity 37% to 75%, 
and ventilation flow rate from 0.12m/s to 0.40 m/s.
The ANN model was developed in several stages to improve accuracy. In this respect, a 
total of 321 records of thermal parameters were used to evaluate the associations of these 
factors against performance. The four main linear regression models (stepwise, linear, 
interaction and robust regression) with fivefold cross-validation were run simultaneously 
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in MATLAB R2017a, and the best values for these regression models were found to be: 
R2 = 0.98, Mean Squared Error (MSE) = 0.01, Root Mean Square Error (RMSE) = 0.07 
and Mean Absolute Error (MAE) = 0.06. These results can be seen in Figure 3. 
Figure 3: Relationship between thermal comfort and performance
These results indicate that a strong relationship exists between thermal comfort and 
teacher performance. The five-fold cross-validation was applied to avoid overfitting, this 
involved partitioning the dataset into folds in order to estimate the accuracy on each fold 
in order to improve data veracity.
Sensitivity Analysis: Temperature and Teacher Performance
Temperature measurements taken in the classrooms ranged between 21.5°C and 26.5°C, 
the variances of which were due to the running time of the Heating, Ventilation, and Air 
Conditioning (HVAC) system; which was shut down at the end of each day and remained 
off during the night, before being turned on again early each morning. Figure 4 presents 
performance against temperature, where it can be seen that the performance level 
increased gradually with temperature up to 24.5°C, then declined sharply.
Figure 4: The relationship between temperature and performance
The R2 value of 0.849 revealed a good relationship between temperature and 
performance, where an increase in temperature above 23.5°C correlated with a 
statistically significant improvement in performance; whereas, an increase above 25.5°C 
was associated with a significant decrease in performance. The optimum range of 
temperature was 23°C to 25°C for both comfort and performance.  
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These findings resonate with those of (Sarbu and Pacurar, 2015) and (Kosonen and Tan, 
2004), who reported that maximum performance was attained between 24°C and 25°C in 
the hot season and 27°C in the cool season. This also aligns with the finding of (Fisk et 
al., 2007), noting that performance decreased above 24.5°C. However, in contrast 
(Witterseh et al., 2002) reported that when the temperature in university classrooms 
increased from 22C to 26C and to 30C with seemingly no impact on results, although 
participants reported decreased self-estimated performance and some difficulty in 
concentration. Similar studies by (Cui et al., 2013) piloted subjective experiments to 
assess the influence of temperature on the performance of university students with a 
mean age of 22.3 years. This research found no significant changes in performance 
between 22°C and 24°C or between 24°C and 26°C; but performance was significantly 
impaired when the temperature increased to 29°C and 32°C. Other research by (Lee et al., 
2012) examined the effects of physical IEQ factors on students and academic staff, noting 
that occupants were most comfortable within the neutral temperature range of 21.5°C to 
23.5°C. Whereas, (Seppanen et al., 2006) found no change in performance between 21°C 
and 25C, but a decrease in performance of 2% per degree above 25°C. This resonates 
with a similar study on call centre employees which found that performance decreased by 
1.8% per degree of temperature above 25°C (Niemelä et al., 2001); and a fall in 
performance of 2.2% per degree above 25°C (Niemelä et al., 2002). Whilst the findings 
in this paper provide similar evidence to this effect, the optimal performance temperature 
range was observed to be between 23°C and 25°C, supporting the design hypothesis: “H0: 
There is a link between thermal comfort and teacher performance in classrooms”. 
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Sensitivity Analysis: Relative Humidity and Teacher Performance
Relative humidity levels were evaluated to determine its effect on teacher performance.  
Findings indicate a variance between a minimum of 37% and a maximum of 75% (Figure 
5). From Figure 5, it can be seen that teacher performance improves up to 65% relative 
humidity, but decreases over 65%.
Figure 5: Relationship between relative humidity and performance
Statistically, the R2 value was 0.9643, which represents a strong relationship between 
relative humidity and performance. This relates to a study by Ismail et al., (2008), who 
noted at a significance level of p < 0.01, that workers in the electronics industry were 
most effective at 59.5% relative humidity. Similarly, (Sarbu and Pacurar, 2015) discerned 
that maximum performance corresponded to a relative humidity of approximately 60%; 
and  (Tsutsumi et al., 2007) who found that raising the relative humidity from 30% to 
70% significantly increased employee complaints, whilst also affecting performance. The 
optimal results presented here correspond to 55-65% relative humidity, diminishing over 
65%. 
Sensitivity Analysis: Ventilation Rate and Teacher Performance   
Ventilation, the third contributor to thermal comfort, can provide protection against 
moisture, odours, allergens and microorganisms. However, to ensure good ventilation, 
the HVAC system must work appropriately. This study found that by increasing the 
ventilation flow rate in classrooms, then this improved performance. Where for example, 
the lowest mechanical ventilation rate was measured at 0.12m/s and the highest at 
0.40m/s (Figure 6). From Figure 6, a significant correlation with an R2 value of 0.9643 is 
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observed, showing that increasing the flow rate up to 0.35m/s corresponds with an 
improvement in performance.
Figure 6: Relationship between Ventilation rate and Performance
These findings are consistent with current literature; where for example, increasing the 
ventilation level generally leads to an improvement in performance (Frontczak et al., 
2012b, Frontczak and Wargocki, 2011, Wargocki and Wyon, 2006, Bakó‐Biró et al., 
2004). Whilst some studies identified no significant association between performance and 
ventilation rate (Federspiel et al., 2002), there seems to be a greater correlation at a higher 
temperatures, indicating subtle nuances and interdependencies that need further study. 
Conclusion 
This research presented the impact of thermal parameters (temperature, relative humidity 
and ventilation rates) on performance. It focused on one academic campus in Jeddah, 
Saudi Arabia, using data collected during autumn, winter and spring. The rationale for 
this study aimed to test the correlation between thermal comfort and performance though 
the hypothesis: “H0: There is a link between thermal comfort and teacher performance in 
classrooms”. This was developed to scientifically investigate this relationship, as 
buildings are generally constructed with the expectation of providin  occupants with a 
thermally ‘comfortable’ environment, especially where this impinges on occupants’ 
performance. This study measured temperature, humidity, and ventilation flow rates, 
including teachers’ responses on thermal comfort. An Artificial Neural Network was 
constructed to predict the association between thermal comfort and performance, the 
results of which indicated a strong correlation between thermal comfort and performance. 
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Optimal levels for thermal comfort and performance for temperature range between 23°C 
and 25°C, with relative humidity between 55% and 65%, with an optimum ventilation 
rate between 0.32m/s and 0.4m/s. This supports the null hypothesis that a relationship 
does exist between thermal comfort and teacher performance. 
From a generalisability and repeatability perspective, this study only focused on thermal 
comfort in mechanical system ventilated buildings; with three measurement periods 
(autumn, winter and spring), within the context of Jeddah, Saudi Arabia. Results can 
therefore only be evaluated within these parameters. That being said, whilst correlation 
with similar studies have been discussed in this paper, it would be useful to extend this 
work to other different climatic regions and building types. This would not only improve 
data veracity but would also be able to evaluate variables and their corresponding 
interdependencies. 
Finally, this study was limited to teacher performance only and did not consider student 
performance. However, as students typically represent a major proportion of the college 
population, it is recommended that additional work is undertaken to capture a 
representative sample frame of this demographic to supplement these findings. 
Notwithstanding this, the findings from this study highlight the correlation between 
thermal comfort and performance. This presents designers and specifiers with additional 
evidence to re-evaluate design specifications and designs, such as building façades 
(sunlight access), HVAC systems, energy loads, and innovation opportunities using 
passive design techniques in order to optimise thermal comfort and performance. These 
re-evaluations can be conducted in the BIM environment and suite of technologies in 
both refurbishment and new projects to improve the building performance and reduce the 
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carbon footprint of the existing educational building stock.
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design, construction and 
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85% of the buildings stock in 2030 is 
already built (Mazria, 2007). 
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recommended Heating Ventilation 
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1 Evaluating the effects of thermal comfort on teacher performance using 
2 Artificial Neural Network Artificial Neural Network Analysis of 
3 Teachers Performance against Thermal Comfort
4 Abstract 
5 Purpose: The impact of thermal comfort in educational buildings continues to be 
6 of major importance in both the design and construction phases. Given this, it is 
7 also equally important to understand and appreciate the impact of design decisions 
8 on post-occupancy performance, particularly on staff and students. This study aims 
9 to present the effect of IEQ on teachers’ performance. This study would provide 
10 thermal environment requirements to BIM-led school refurbishment projects. 
11 However, the majority of research on occupant productivity and thermal comfort 
12 has predominantly been conducted on office buildings. Thus, there is a paucity of 
13 knowledge in this domain, especially studies that focus on the Saudi Arabian 
14 context. 
15 Design: This paper presents a detailed investigation into the direct impact of 
16 thermal parameters (temperature, relative humidity and ventilation rates) on 
17 teacher performance. In doing so, the research methodological approach combines 
18 explicit mixed-methods using questionnaire surveys and physical measurements of 
19 thermal parameters to identify correlation and inference. ItThis was conducted 
20 through a single case study using a technical college based in Saudi Arabia. 
21 Findings: Findings from this work were used to develop a model using an 
22 Artificial Neural Network to establish causal relationships. Research findings 
23 indicate an optimal temperature range between 23°C and 25°C, with a 65% relative 
24 humidity and 0.4m/s ventilation rate. This ratio delivered optimum results for both 
25 comfort and performance. 
26 Introduction 
27 Understanding the impact of thermal conditions on both student and teacher performance 
28 is considered an intrinsic part of classroom design. The provision of a comfortable 
29 thermal environment is acknowledged as  a causal factor that can influence job 
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1 productivity and performance (Vischer, 2007, Wyon, 2004). Thus, this premise is 
2 adopted regarding its potential impact within an educational setting. In this respect, 
3 several studies have asserted that teachers who are not comfortable with their school 
4 facilities generally underperform, and in some instances are more likely to quit teaching 
5 (Carlopio, 1996, de Dear et al., 2015). Therefore, it is proffered here that there is an 
6 intrinsic need to understand classroom design cognisant of the impact of thermal 
7 parameters on teacher and student performance (Lizzio et al., 2002).
8 From an environmental analysis perspective, a range of Indoor Environment Quality 
9 (IEQ) parameters such as thermal comfort, ventilation flow rates, background noise, and 
10 lighting quality etc. has been seen influence student and teacher performance (Lee, 2013). 
11 Moreover, several studies have highlighted the importance of thermal comfort and 
12 ventilation rates as significant impact variables (Choi et al., 2012, Al Horr et al., 2016b, 
13 Lan et al., 2011, Kim and de Dear, 2018, Porras‐Salazar et al., 2018, Bakó-Biró et al., 
14 2012). On this theme, thermal comfort is defined by the American Society of Heating, 
15 Refrigerating and Air-Conditioning Engineers (ASHRAE) as ‘‘condition of mind which 
16 expresses satisfaction with the thermal environment” (ASHRAE, 2004). It has three 
17 conditions based on human response to comfort, notably: thermal sensation, thermal 
18 acceptability and thermal preference. Thermal sensation identifies the perception of the 
19 thermal environment, whereas, thermal preference is seen as the ideal thermal 
20 environment, and thermal acceptability is defined as the level of thermal environment 
21 acceptance by participants (Langevin et al., 2013). 
22 The major parameters that typically affect thermal comfort are “relative humidity, heat, 
23 dry bulb temperature, radiant temperature, air velocity, the human metabolic rate and the 
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1 insulation rating of the clothing” (Lan et al., 2014). However, the comfort of occupants is 
2 also affected by physiological, behavioural and psychological elements. The 
3 physiological approach concerns the thermal regulation between human metabolic system 
4 and the indoor environment, where the dimension of thermal comfort in the physical 
5 environment impacts the occupants (Humphreys et al., 2007). In this respect, the 
6 temperature is considered a good indicator of thermal comfort, as this also has an 
7 important psychological dimension as it tends to influence occupant perception. Studies 
8 also show that both temperature and relative humidity can have an impact on other issues 
9 such as allergens, the prevalence of headaches and asthma (Wargocki, 2017, Jones, 1999, 
10 Al horr et al., 2016a). From a humidity perspective, in the context of school 
11 environments, this not only has an impact on thermal comfort, but also on student 
12 absenteeism and sickness due to fungal growth in high humidity environments (Bryk and 
13 Schneider, 2002, Park et al., 2002, Haverinen-Shaughnessy et al., 2015). 
14 Intrinsically, therefore, it can be seen that thermal comfort can have a major impact on 
15 the overall demeanour, morale and productivity of occupants. Where for example, 
16 dissatisfaction in thermal comfort (such as a classroom environment) can reduce 
17 productivity and increase complaints (Wargocki and Wyon, 2006, Barbhuiya and 
18 Barbhuiya, 2013, Seppänen and Fisk, 2006, Lackney, 1997). This resonates with the 
19 concept of Sick Building Syndrome (SBS), where symptoms can be seen to influence 
20 performance and productivity (Seppänen and Fisk, 2006). Moreover, optimal productivity 
21 was observed at 21.5C (Seppanen et al., 2006); and conversely, teacher performance 
22 declined because of increased cerebral load measured by brain blood flow (Nakano et al., 
23 2002).  Thus, thermal control is essential for maintaining the thermal comfort in 
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1 classrooms in order to enhance student and teacher performance. Conversely, the absence 
2 of thermal control can lead to increased absenteeism and lower productivity. Given these 
3 conditions, there is no agreed consensus on the precise parameters or controls of these 
4 parameters; where research has an impact in some areas, but failed to demonstrate 
5 relationships in others (Melikov et al., 2005). This seems to correlate with other studies 
6 assessing the perception of occupant comfort comparing naturally ventilated buildings 
7 (with thermostat control), against  mechanically ventilated buildings controlled by 
8 Building Management System (BMS); where the occupants felt more comfortable in 
9 naturally ventilated buildings (Andersen et al., 2009). 
10 Given the importance of thermal comfort, there are two principal models used to predict 
11 occupant comfort - heat balance model and adaptive comfort model. The heat balance 
12 model is based on specific standards for each environmental parameter in order to make 
13 the occupant feel comfortable. This type of model involves evaluating the environmental 
14 elements and personal variables in order to predict occupant dissatisfaction (Frontczak et 
15 al., 2012a, Frontczak and Wargocki, 2011). Whereas, the adaptive comfort model 
16 predicts occupant comfort based on outside climatic conditions. This defines a datum 
17 temperature which acts a reference for predicting the adaption of the human body to 
18 seasonal environmental variations. Where for example, occupants who are able to control 
19 their indoor environment parameters such as air velocity and ventilation rate can be seen 
20 to be more comfortable with a set temperature (Boerstra et al., 2015, Frontczak and 
21 Wargocki, 2011). Whilst these two models are implemented in different climatic 
22 conditions, the heat balance models tend to be used for buildings with Heating and 
23 Ventilation Air Conditioning (HVAC) systems. Whereas, adaptive models are usually 
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1 applied in naturally ventilated buildings. However, the literature suggests that adaptive 
2 models evaluate thermal comfort more precisely than heat balance models, especially in 
3 regions with harsh thermal environments (Schellen et al., 2013).
4 Acknowledging the above challenges, this paper examines the relationships between the 
5 thermal parameters such as temperature, relative humidity and ventilation rates on teacher 
6 self-reported performance within an educational setting. This research would inform 
7 designers and policymakers about the influence of thermal comfort on teacher 
8 performance. It would help both in new build and refurbishment of educational projects. 
9 Building Information Modelling (BIM) has been at the forefront of improving the design, 
10 construction and refurbishment of buildings (Laine et al., 2007a, Laine et al., 2007b, 
11 Azhar and Brown, 2009). In the UK itself, 85% of the buildings stock in 2030 is already 
12 built (Mazria, 2007). Educational buildings have a considerable share in this stock and 
13 their contribution in overall energy consumption of the built environment (Barbhuiya and 
14 Barbhuiya, 2013). Refurbishment of this stock can result in a considerable reduction in 
15 the carbon footprint of the built environment (Kelly, 2009, Zomorodian et al., 2016). The 
16 role of BIM in the refurbishment of the building stock is vital. Various building 
17 performance analyses are used in advance BIM applications of design and refurbishment 
18 projects(Gerrish et al., 2017, Gökgür, 2015). Results of this research can be used to 
19 ensure that refurbish projects achieve the recommended thermal environment. BIM-
20 enabled projects can use this study and simulate the thermal environment to advice 
21 recommended Heating Ventilation and Air conditioning (H.V.A.C) system and its 
22 performance of projects. From a context perspective, this research examined a technical 
23 college based in Saudi Arabia as the primary focal study. Data collection included the use 
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1 of thermal sensors and questionnaire surveys to determine the association between 
2 thermal comfort and teacher performance in order to analyse thermal comfort parameters 
3 (temperature, relative humidity and ventilation rate) and the optimum values needed to 
4 support teacher productivity.
5 Methodology
6 This study investigated the association between thermal comfort and teacher productivity 
7 (Alzahrani, 2018). The approach adopted was based on the premise of a causal link 
8 between thermal comfort and teacher performance using the following hypothesis: 
9 H0: There is a link between thermal comfort and teacher performance in classrooms.
10 In order to test this hypothesis, an explicit mixed-methods approach (D. Holt and S. 
11 Goulding, 2014) used questionnaire surveys and physical measurements of thermal 
12 parameters to identify correlation and inference. The underpinning rationale supporting 
13 this study is that when teachers are more comfortable, it has a positive impact on their 
14 performance in the classroom.
15 Figure 1 outlines the research process in the form of a flowchart. This outlines five stages 
16 of the research study through “Input”, “Process” and “Output” themes. The first stage 
17 “Preliminary Literature Review” involved the identification of the main gap in the 
18 literature. The second stage “Study Proposal” outlines the literature on indoor physical 
19 parameters and their influence on thermal comfort and teacher. The third stage “Indoor 
20 environment parameters that influence occupants” focused on data collection using 
21 sensors and survey instruments. The fourth stage “Physical environment measurements 
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1 and survey data” was used to identify the effect of thermal comfort on performance. 
2 Whereas, the fifth stage “Correlation analysis” utilised data analysis using an Artificial 
3 Neural Network to support the discussion and conclusion.
4 Figure 1: Methodology flowchart
5 Case Study Location and Context
6 This research was undertaken on the academic campus of Jeddah Technical College in 
7 Saudi Arabia. The campus is located on the west coast of the Red Sea at 21°42' N latitude 
8 and 39°10'E longitude. The city of Jeddah has an approximate population of 4.4 million 
9 inhabitants, where air conditioning is in constant operation. For data veracity comparison 
10 purposes, thermal parameter measurements were recorded during autumn, winter and 
11 spring. The autumn readings were taken in September 2016, when the average 
12 temperature in Jeddah was 35°C, with the maximum being 40°C, and the minimum 28°C. 
13 The winter readings were taken in January 2017, with corresponding temperatures of: 
14 27°C, 31°C and 24°C. The spring temperatures were taken in April 2017, representing 
15 32°C, 36°C and 26°C respectively (Figure 2). 
16 Figure 2: Temperature variations in Jeddah
17 The thermal predictor parameters were constructed of physical measurements recorded 
18 from the classrooms in academic buildings at the technical college, where the academic 
19 day typically starts at 8:00 am and ends at 14:45 pm, five days a week. From a classroom 
20 setting perspective, lectures generally lasted for two hours, with a few extending to three 
21 hours. 
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1 From an observation perspective, 42 classrooms were studied during the autumn period, 
2 where the thermal parameters were recorded three times a day, making a total of 126 
3 records. This method was repeated for the winter term (44 classrooms) and spring term 
4 (38 classrooms), making a total of 372 records for the whole year. The thermal comfort 
5 variables were collected from a questionnaire, using teachers’ perceptions. In total, 124 
6 teachers participated in this survey. Questionnaires  used a five-point Likert scale (1= 
7 Strongly disagree to 5 = Strongly agree) examining thermal conditions, but also included 
8 one multiple-choice item on thermal sensation and five Likert scale items on: 
9 temperature, humidity, air movement and  mechanical ventilation, accessibility of a 
10 thermostat and overall acceptability of thermal comfort. Teachers’ response to thermal 
11 conditions reflects their thermal comfort. Literature on thermal comfort suggests that 
12 teachers’ performance is highly influenced by their perception of thermal comfort (Gou 
13 and Lau, 2013, Frontczak et al., 2012c, Al horr et al., 2016a, Lan et al., 2011, Akimoto et 
14 al., 2010a, Akimoto et al., 2010b, Djongyang et al., 2010). Literature also suggests that 
15 self-reported/perceived data has been widely used in Post-Occupancy Evaluation (Peretti 
16 and Schiavon, 2011, McDougall et al., 2002, Agha-Hossein et al., 2013). The 
17 measurement of thermal variables used standard instruments, the parameters of which 
18 were recorded at three places (front, centre and back) in each classroom. From this, the 
19 average was calculated, following the method used by (Awang et al., 2015). The 
20 measurements were recorded ‘live’ in the presence of students and teachers, interrupting 
21 classroom activities as little as possible in order to capture the actual classroom 
22 environment.
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1 Data Analysis
2 From a data analysis perspective, an evaluation model was developed using an Artificial 
3 Neutral Network (ANN) approach using MATLAB software to validate findings. Data 
4 was quantitatively analysed graphically in order to determine general trends regarding the 
5 relationship of the statistical data to the model. The data analysis phase also involved 
6 testing the hypotheses to ascertain the causal link (or not) between thermal comfort and 
7 performance. The ANN data was divided into three segments of algorithm learning: 70% 
8 of the data for training the model; 15% for validation; and 15% for testing the learning. 
9 The performance of the network was evaluated using standard statistical standards, 
10 specifically: squared coefficient of determination (R2) for the regression between the 
11 observed and modelled values of the output variable; mean square error (MSE); root 
12 mean square error (RMSE); and mean absolute error (MAE) for the modelled values. The 
13 hyperbolic tangent function was selected as the transfer function, as this can be used to 
14 monotonically increase weights on the nodes to process and identify patterns between 
15 input and output variables.
16 Research Findings and Discussion 
17 Data analysis commenced with five inputs and one output variable. The five input 
18 variables included: temperature, relative humidity, outdoor temperature and ventilation, 
19 and control on the thermostat (Table 1). 
20 Table1:  Statistical values of input and output data
21 From Table 1, it can be seen that thermal parameters varied as follows: outside 
22 temperature 23°C to 36°C, indoor temperature 21.5°C to 26.5°C, humidity 37% to 75%, 
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1 and ventilation flow rate from 0.12m/s to 0.40 m/s.
2 The ANN model was developed in several stages to improve accuracy. In this respect, a 
3 total of 321 records of thermal parameters were used to evaluate the associations of these 
4 factors against performance. The four main linear regression models (stepwise, linear, 
5 interaction and robust regression) with fivefold cross-validation were run simultaneously 
6 in MATLAB R2017a, and the best values for these regression models were found to be: 
7 R2 = 0.98, Mean Squared Error (MSE) = 0.01, Root Mean Square Error (RMSE) = 0.07 
8 and Mean Absolute Error (MAE) = 0.06. These results can be seen in Figure 3. 
9 Figure 3: Relationship between thermal comfort and performance
10 These results indicate that a strong relationship exists between thermal comfort and 
11 teacher performance. The five-fold cross-validation was applied to avoid overfitting, this 
12 involved partitioning the dataset into folds in order to estimate the accuracy on each fold 
13 in order to improve data veracity.
14 Sensitivity Analysis: Temperature and Teacher Performance
15 Temperature measurements taken in the classrooms ranged between 21.5°C and 26.5°C, 
16 the variances of which were due to the running time of the Heating, Ventilation, and Air 
17 Conditioning (HVAC) system; which was shut down at the end of each day and remained 
18 off during the night, before being turned on again early each morning. Figure 4 presents 
19 performance against temperature, where it can be seen that the performance level 
20 increased gradually with temperature up to 24.5°C, then declined sharply.
21 Figure 4: The relationship between temperature and performance
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1 The R2 value of 0.849 revealed a good relationship between temperature and 
2 performance, where an increase in temperature above 23.5°C correlated with a 
3 statistically significant improvement in performance; whereas, an increase above 25.5°C 
4 was associated with a significant decrease in performance. The optimum range of 
5 temperature was 23°C to 25°C for both comfort and performance.  
6 These findings resonate with those of (Sarbu and Pacurar, 2015) and (Kosonen and Tan, 
7 2004), who reported that maximum performance was attained between 24°C and 25°C in 
8 the hot season and 27°C in the cool season. This also aligns with the finding of (Fisk et 
9 al., 2007), noting that performance decreased above 24.5°C. However, in contrast 
10 (Witterseh et al., 2002) reported that when the temperature in university classrooms 
11 increased from 22C to 26C and to 30C with seemingly no impact on results, although 
12 participants reported decreased self-estimated performance and some difficulty in 
13 concentration. Similar studies by (Cui et al., 2013) piloted subjective experiments to 
14 assess the influence of temperature on the performance of university students with a 
15 mean age of 22.3 years. This research found no significant changes in performance 
16 between 22°C and 24°C or between 24°C and 26°C; but performance was significantly 
17 impaired when the temperature increased to 29°C and 32°C. Other research by (Lee et al., 
18 2012) examined the effects of physical IEQ factors on students and academic staff, noting 
19 that occupants were most comfortable within the neutral temperature range of 21.5°C to 
20 23.5°C. Whereas, (Seppanen et al., 2006) found no change in performance between 21°C 
21 and 25C, but a decrease in performance of 2% per degree above 25°C. This resonates 
22 with a similar study on call centre employees which found that performance decreased by 
23 1.8% per degree of temperature above 25°C (Niemelä et al., 2001); and a fall in 
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1 performance of 2.2% per degree above 25°C (Niemelä et al., 2002). Whilst the findings 
2 in this paper provide similar evidence to this effect, the optimal performance temperature 
3 range was observed to be between 23°C and 25°C, supporting the design hypothesis: “H0: 
4 There is a link between thermal comfort and teacher performance in classrooms”. 
5 Sensitivity Analysis: Relative Humidity and Teacher Performance
6 Relative humidity levels were evaluated to determine its effect on teacher performance.  
7 Findings indicate a variance between a minimum of 37% and a maximum of 75% (Figure 
8 5). From Figure 5, it can be seen that teacher performance improves up to 65% relative 
9 humidity, but decreases over 65%.
10 Figure 5: Relationship between relative humidity and performance
11 Statistically, the R2 value was 0.9643, which represents a strong relationship between 
12 relative humidity and performance. This relates to a study by Ismail et al., (2008), who 
13 noted at a significance level of p < 0.01, that workers in the electronics industry were 
14 most effective at 59.5% relative humidity. Similarly, (Sarbu and Pacurar, 2015) discerned 
15 that maximum performance corresponded to a relative humidity of approximately 60%; 
16 and  (Tsutsumi et al., 2007) who found that raising the relative humidity from 30% to 
17 70% significantly increased employee complaints, whilst also affectin  performance. The 
18 optimal results presented here correspond to 55-65% relative humidity, diminishing over 
19 65%. 
20 Sensitivity Analysis: Ventilation Rate and Teacher Performance   
21 Ventilation, the third contributor to thermal comfort, can provide protection against 
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1 moisture, odours, allergens and microorganisms. However, to ensure good ventilation, 
2 the HVAC system must work appropriately. This study found that by increasing the 
3 ventilation flow rate in classrooms, then this improved performance. Where for example, 
4 the lowest mechanical ventilation rate was measured at 0.12m/s and the highest at 
5 0.40m/s (Figure 6). From Figure 6, a significant correlation with an R2 value of 0.9643 is 
6 observed, showing that increasing the flow rate up to 0.35m/s corresponds with an 
7 improvement in performance.
8 Figure 6: Relationship between Ventilation rate and Performance
9 These findings are consistent with current literature; where for example, increasing the 
10 ventilation level generally leads to an improvement in performance (Frontczak et al., 
11 2012b, Frontczak and Wargocki, 2011, Wargocki and Wyon, 2006, Bakó‐Biró et al., 
12 2004). Whilst some studies identified no significant association between performance and 
13 ventilation rate (Federspiel et al., 2002), there seems to be a greater correlation at a higher 
14 temperatures, indicating subtle nuances and interdependencies that need further study. 
15 Conclusion 
16 This research presented the impact of thermal parameters (temperature, relative humidity 
17 and ventilation rates) on performance. It focussed on one academic campus in Jeddah, 
18 Saudi Arabia, using data collected during autumn, winter and spring. The rationale for 
19 this study aimed to test the correlation between thermal comfort and performance though 
20 the hypothesis: “H0: There is a link between thermal comfort and teacher performance in 
21 classrooms”. This was developed to scientifically investigate this relationship, as 
22 buildings are generally constructed with the expectation of providing occupants with a 
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1 thermally ‘comfortable’ environment, especially where this impinges on occupants’ 
2 performance. This study measured temperature, humidity, and ventilation flow rates, 
3 including teachers’ responses on thermal comfort. An Artificial Neural Network was 
4 constructed to predict the association between thermal comfort and performance, the 
5 results of which indicated a strong correlation between thermal comfort and performance. 
6 Optimal levels for thermal comfort and performance for temperature range between 23°C 
7 and 25°C, with relative humidity between 55% and 65%, with an optimum ventilation 
8 rate between 0.32m/s and 0.4m/s. This supports the null hypothesis that a relationship 
9 does exist between thermal comfort and teacher performance. 
10 From a generalisability and repeatability perspective, this study only focused on thermal 
11 comfort in mechanical system ventilated buildings; with three measurement periods 
12 (autumn, winter and spring), within the context of Jeddah, Saudi Arabia. Results can 
13 therefore only be evaluated within these parameters. That being said, whilst correlation 
14 with similar studies have been discussed in this paper, it would be useful to extend this 
15 work to other different climatic regions and building types. This would not only improve 
16 data veracity, but would also be able to evaluate variables and their corresponding 
17 interdependencies. 
18 Finally, this study was limited to teacher performance only and did not consider student 
19 performance. However, as students typically represent a major proportion of the college 
20 population, it is recommended that additional work is undertaken to capture a 
21 representative sample frame of this demographic to supplement these findings. 
22 Notwithstanding this, the findings from this study highlight the correlation between 
23 thermal comfort and performance. This presents designers and specifiers with additional 
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1 evidence to re-evaluate design specifications and designs, such as building façades 
2 (sunlight access), HVAC systems, energy loads, and innovation opportunities using 
3 passive design techniques in order to optimise thermal comfort and performance. These 
4 re-evaluations can be conducted in the BIM environment and suite of technologies in 
5 both refurbishment and new projects to improve the building performance and reduce the 
6 carbon footprint of the existing educational building stock.
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Input Data Output
Outdoor 
Temperature
Indoor 
Temperature
Humidity Ventilation Performance
Mean 28.15 23.6 53.02 0.54 3.524
Standard 
Deviation 3.262 1.132 7.34 0.158 1.128
Minimum 23 21.5 37 0.12 1
Maximum 36 26.5 75 0.4 5
Kurtosis -0.218 0.45 -0.09 0.85 0.97
Skewness 0.211 0.288 0.315 -0.16 0.242
Log value 1.449 1.373 1.724 -0.27 0.547
Count 321 321 321 321 321
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